Four lines of mice derived from the CBi stock, selected for different body conformations (CBi-, low body weight -short tail; CBi+, high body weight -long tail; CBi/L, low body weight -long tail; CBi/C, high body weightshort tail), differ in the biomass sustained per unit of skeleton weight. Femur length was modified in response to artificial selection either for high or low skeleton length. This feature suggests that these lines could be discriminated using the morphometric profile of their femurs. The femurs were obtained from both sexes at 15 weeks of age. A total of 16 measurements were taken on each bone. Genotype and gender effects for almost all measurements (P<0.001) were seen. Genotype x gender interactions (P<0.05) for some length measurements were also found. For sexual dimorphic characters, males had wider and shorter femurs than females. The results of principal components and discriminant analysis showed that the morphometric profile of the femur is a reliable and accurate means of identifying these inbred strains of mice as all female and male animals were assigned to the correct genotype. When the reciprocal hybrids among these genotypes were performed different responses in femur length were observed. So, the underlying genetic differences to this phenotypic differentiation emerge, at least partially, as a consequence of the exploitation of different sources of genetic variation for the trait in each selective procedure, jointly with the effect of simultaneously acting dispersive processes suggesting the potential usefulness of these genotypes as an animal model suitable for the identification of QTLs associated with femur growth.
Introduction
One of the main objectives of the genetic analysis of animal growth in general, and of bone growth in particular, is to elucidate the genetic architecture of the related traits under study (ZENG et al., 1999) . That means knowing the number of loci affecting a trait, their chromosomal location, the magnitude of their phenotypic effects, their allelic frequencies and the types of gene action involved in their expression. Several strategies have been developed to identify and characterize genes involved in the regulation of mouse growth which could be briefly summarized in long-term artificial selection experiments, the study of single gene mutations producing major phenotypic changes, targeted gene deletions and transgenics, and QTLs (quantitative trait loci) characterization (CORVA and MEDRANO, 2001; MIELENZ and SCHÜLER, 2002; BÜNGER et al., 2005) . Although the production of transgenic and knockout animals requires the previous knowledge of the gene associated with the phenotype under study, to integrate that gene in a recipient animal or to replace the functional allele by a null one producing a loss-of-function phenotype, respectively, artificial selection and QTL methodology work with anonymous genes underlying the phenotypic variance of complex quantitative traits . The development of molecular techniques and genetic maps based on DNA markers by one side and of the appropriate statistical tools by the other, have enhanced our ability to study the genetic basis of quantitative variation. Loci affecting quantitative traits could be mapped in animal models using crosses of specific inbred lines (FISLER and WARDEN, 1997) or crosses between outbred lines (TALBOT et al., 1999) or between lines derived from long-term selection experiments (HALEY et al., 1994; DAS et al., 1996; ROSOCHACKI et al., 2005) . Because this approach requires the analysis of the pedigree resulting from crossing extreme individuals, the availability of genetically divergent strains and a linkage map covering all of the genome are limitative resources (BÜNGER et al., 2002) . In bone research the use of the femur is widely spread. At first sight, the different lines of mice derived from the CBi stock herein studied, obtained as the result of a longterm selection experiment for different body conformations (HINRICHSEN et al., 1999) , appear to be an useful biological resource for studying the genetical basis of bone growth as they exhibited significant differences in several skeletal traits (DI MASSO et al., 1991; 1997b; 1998) and also in bone biomechanics (DI MASSO et al., 1997a) and muscle-bone relationships (DI MASSO et al., 2004) . The femur length, for example, was modified in response to selection pressure for either high or low skeletal length but this response was only evident when that change was compatible with the function of the skeleton as a scaffold for the soft tissues (WALTER, et al., 1993) . Therefore, genotypes selected for long (skeleton) tail enlarged their femurs irrespective if they were simultaneously selected for either high or low body weight, whereas those lines selected for short (skeleton) tail only shortened their femurs when they were selected for low body weight as this bone enlarged in CBi/C mice selected for high body weight. The objective of the present study was to characterize four lines of mice derived from the CBi stock selected for different body conformations jointly with the unselected control line. This characterization was first done in terms of the morphometric profile of their femurs by means of a multivariate approach to investigate if artificial selection had been successful in differentiating them, and second, in terms of the source of genetic variance probably exploited in each selective criterion, evaluating by this way their potential usefulness for the identification of QTLs associated with femur growth.
Materials and Methods
Mice Four lines of mice (CBi-, CBi/L, CBi/C, CBi+) divergently selected for different body conformations by means of a quantitative index which combines body weight and tail length at 49 days of age, and the unselected control line (CBi) were used. Two lines were generated favouring the positive genetic correlation between both traits (agonistic selection: CBi-, low body weight -short tail; CBi+, high body weight -long tail), whereas the other two were originated by selecting against the aforementioned association (antagonistic selection: CBi/L, low body weight -long tail; CBi/C, high body weight -short tail). Lines were inbred by limiting the population size being their average inbreeding coefficient approximately 0.985. Experiment I -Femur morphometric profile Mice were randomly sampled from litters of eight to ten animals and contemporaneously reared in groups of six gender -matched companions, in polypropylene cages (32 x 24 x 10 cm) with wood shavings for bedding. They were kept in the same mouse room under the same breeding conditions (23 ± 1 ºC, on a 12-hour-on /12-hour-off light cycle) and received the same diet of mouse food (Cargill Laboratory Chow, pelletized) and water ad libitum. Femurs were obtained from both female and male mice (n = 10 individuals per genotype-sex group) of 120 days of age and prepared according to the method described by FESTING (1972) for the mandible. Briefly, mice were sacrificed by ether overexposure, and each right femur was excised and carefully cleaned by hand to remove all the adhering soft tissues. A total of 16 measurements (LOVELL and JOHNSON, 1983) (Figure) were taken on each femur using a standardized photographical procedure. Experiment II -Femur length in reciprocal crosses Total femur length (mm) from the greatest trochanter to the medial condyle was measured at 150 days of age in 14 male and 14 female mice from four selected lines and reciprocal crosses between them. Besides the four parental lines (CBi-, CBi+, CBi/L and CBi/C), the following genetic groups were defined: (a) crosses between agonistically selected lines (CBi-x CBi+) and (CBi+ x CBi-); (b) crosses between antagonistically selected lines (CBi/C x CBi/L) and (CBi/L x CBi/C); (c) crosses between lines selected for low body weight (CBi-x CBi/L) and (CBi/L x CBi-); (d) crosses between lines selected for high body weight (CBi+ x CBi/C) and (CBi/C x CBi+); (e) crosses between lines selected for short tail (skeleton) length (CBi-x CBi/C) and (CBi/C x CBi-); (f) crosses between lines selected for long tail (skeleton) length (CBi+ x CBi/L) and (CBi/L x CBi+). In all cases the first line denotes the maternal genotype. Heterosis was measured relative to the average of the parental lines and thus it refers to any significant departure from additivity in crossbred populations (SHERIDAN, 1981) . Heterosis estimates for femur length were calculated as follows:
Heterosis ( Statistical analysis Experiment I -The effects of genotype, gender and (genotype x gender) interaction were evaluated using a two-way analysis of variance (SOKAL and ROHLF, 1969) . Data were also analysed by the multivariate techniques of principal components (PCA) and discriminant analysis (TATSUOKA, 1971) . Experiment II -The heterotic effect in each reciprocal cross was assessed from the statistical significance of the interaction in a 2 x 2 factorial experiment (2 maternal genotypes x 2 paternal genotypes).
Results Experiment I Means ± SEM of femur measurements for males and females are respectively presented in Tables 1 and 2 . The ANOVA analysis showed a genotype effect (P<0.001) for all measurements except M 9, a gender effect for all measurements (P<0.001) except M3 and M9 and genotype x gender interactions (P<0.05) for some length measurements (M10, M12, M13, M14, M15 and M16). For sexual dimorphic characters, males showed wider (M1 to M8) and shorter (M10 to M16) femurs than females in agreement with LOVELL and JOHNSON (1983) . The results of principal component analysis applied to femur measurements in males and females can be seen in Table 3 . The two first principal components (PC1 and PC2) account for 83.3% and 81% of morphometric variation in each gender. The remaining components define particular processes of this bone and account for the residual variance. All PC1eigenvectors were negative, meanwhile, in PC2, eigenvectors of width measurements were positive whereas those related with length measurements were negative. CBi-mice, selected for low body weight and short tail had the shortest femurs whereas CBi/L mice, selected for low body weight and long tail, had the thinnest ones. CBi/C mice had shorter and wider femurs than CBi/L, and CBi+ femurs were wider and larger than CBi-ones. Genotypes selected for high body weight (CBi+ and CBi/C) also differed in femur length and width (shorter and wider in CBi/C). The same was true for genotypes selected for low body weight as CBi/L had larger and thinner bones than CBi-. 1 Heterosis (* significantns non significant) Table 4 presents the result of a classification analysis by means of discriminant functions. Female and male mice of each genotype were correctly identified.
Experiment II Femur length for all reciprocal crosses between the four selected lines can be seen in Table 5 . Sexual dimorphism (female > male) in femur length was observed in all genotypes. Reciprocal crosses involving CBi-mice (Table 5 a, c and e), the only short femur genotype, and any of the other three long femur genotypes (CBi/C, CBi/L or CBi+) showed dominant deviations towards long femur values, irrespective of the long femur genotype used. Reciprocal crosses between selected lines with long femurs involving CBi/C mice as parental genotype (Table 5 b and d) showed heterosis with an overdominant effect. Finally, reciprocal hybrids between CBi/L and CBi+ mice (Table  5 f) did not differ in their average femur length neither between them nor from each parental line. The same result was observed in both genders. Discussion Historically, genetic monitoring methods used for inbred laboratory rodents had included skin grafting, test mating for hidden coat color genes, immunological markers, biochemical markers, and mandible analysis. Notwithstanding nowadays the availability of molecular procedures make possible an accurate genetic identification, the analysis of bone morphometry is still important as a mean of phenotyping and discriminating mouse lines prior to their use in crosses designed to generate segregating F2 populations which maximize linkage disequilibrium among QTLs and molecular markers exhibiting classical Mendelian segregation. Mice of the CBi stock were selected simultaneously for either high or low body weight and either short or long skeletal length. This genetic strategy led to morphological distinct animals, with different body conformations (CBi/C: compact; CBi/L: longilineal; CBi+: large; CBi-: small), which modified their skeleton in response to differences in the biomass sustained. Univariate analysis of a set of mandible measurements previously reported (DI MASSO et al., 1997c) evinced some particularities in the mandible morphogenesis of these lines. Using mandible measurements, lines could be identified by a discriminate analysis, with low probability of wrong discrimination. Although the mandible is an efficient tool for identifying lines of rats, mice and rabbits it is not involved in the support of the soft tissues and like most of the craniofacial bones it develops through membranous ossification. Therefore, it seemed relevant to choose a long bone, like the femur, with endochondral ossification, more closely related to the selective procedure as the discriminative criterion for these genotypes. In accordance with the results described for the mandible, all PC1 eigenvectors yielded by the principal component analysis were negative and so, they could be interpreted as a size factor. In PC2, eigenvectors of width measurements were positive whereas those related with length measurements were negative, so it can be interpreted as a form factor (JOLICOEUR and MOSIMAN, 1960) . Besides the previously reported usefulness of morphometric mandible analysis, the results herein described show that the morphometric profile of the femur is a reliable and more accurate means of identifying these inbred strains of mice selected for different body conformations. This fact is related to a particular response to artificial selective pressure in each line which depends on a specific combination of body weight and tail (skeleton) length values. A QTL analysis can allow us to address specific questions concerning genetic architecture, such as the number of loci potentially affecting the trait, the distribution of gene effects, and the underlying patterns of gene action, including additivity, dominance, gender-specificity, epistasis and pleiotropy. In this sense, results from Experiment II suggest that those genotypes selected for long tail (skeleton) irrespective if they were simultaneously selected for high (CBi+) or low (CBi/L) body weight enlarged their femurs by using the same source of genetic variation for the trait, as neither both of them nor their reciprocal hybrids differ in their mean femur length. A different scenario emerge when CBi/C was used as parental line. Notwithstanding these mice also enlarged their femurs and, as a consequence, do not differ in femur length from CBi+ and CBi/L mice, this response was achieved when short tail (skeleton) length was selected. When CBi/C mice were crossed to either CBi/L or CBi+, the other two lines showing long femurs, an overdominance effect was evident. This response could be interpreted as the result of combining in the same animal different genes for femur length: those provided for the CBi/C parent and those provided for the CBi+ or the CBi/L parent. So, it could be argued that genes involved in enlargement of the femur when the selective criterion acts against the function of the skeleton as a scaffold for the soft tissues are different from those genes responsible of the same response when that change is compatible with the aforementioned function. Finally, when CBi-was crossed to the other three selected lines (CBi/L or CBi/C or CBi+), genes for short femur length always showed recessiveness. irrespective of the line of origin of the genes for long femur. Although targeted gene deletions (gene knockouts) and transgenics jointly with congenic lines generated by introgressing a chromosomal region in a particular genetic background offer a wide spectrum of models to study individual genes and gene products, they require previous knowledge about the genes associated with the phenotype under study. On the contrary, anonymous genes underlying complex traits can be identified by positional cloning based solely on their position in the genome without any knowledge about their functions (CORVA and MEDRANO, 2001) . In this sense, lines generated by long-term artificial selection are valuable resources to create suitable mapping populations. As the number of QTLs mapped in a particular study is limited to those at which different alleles are fixed in the two parental strains (MACKAY, 2001) , and this appears to be the case with the genotypes herein described, it could be concluded that this animal model could be an useful resource for mapping femur growth genes increasing our understanding of the signalling pathways and the transcription factors that control bone development (KRONENBERG, 2003) .
